Introduction
Genomic instability is a broad term used to denote a propensity for genetic changes, especially within tumor cells. This often includes aneuploidy, which is apparent in many primary tumors and tumor cell lines (Pihan et al., 1998) . Centrosome amplification is nearly always associated with aneuploidy, but is absent in stable diploid cells (Ghadimi et al., 2000) . Loss or gain of specific chromosomes may result from non-disjunction of chromosomes during mitosis (reviewed in Nicolaidis and Petersen, 1998) . However, extensive aneuploidy suggests abnormalities in chromosome segregation. When more than two functional centrosomes exist during mitosis, abnormal spindles are present. This can result in abnormal segregation of chromosomes leading to aneuploidy, or prevention of cytokinesis leading to tetraploidy (Rodilla, 1993) . Centrosome duplication and DNA replication are usually tightly linked. Therefore, centrosome amplification results from uncoupling of these two important processes. Other hallmarks of genomic instability include DNA amplification and chromosome aberrations (reviewed in Donehower, 1997) . Gene amplification can be viewed as an S phase event, since portions of the genome undergo successive rounds of replication during a single cell cycle. Chromosome aberrations, such as chromatid breaks and translocations, are probably byproducts of a variety of processes, including incomplete or abnormal recombination (reviewed in Ferguson and Alt, 2001) . One might therefore infer that the various features of genomic instability likely result from failure of coordination of S phase events and/or failure of S phase and mitotic checkpoints.
Targeted disruption of the Gadd45a gene revealed a clear role for Gadd45a protein in the prevention of genomic instability and maintenance of normal centrosome numbers. Gadd45a7/7 mouse embryo fibroblasts (mef) exhibit a high degree of tetraploidy and at later passages, aneuploidy . These cells are often found to contain more than two centrosomes (Figure 1 ), and mitoses with multiple spindles have been observed. In addition, failed cytokinesis was evident as bridged nuclei and binucleated cells. Although in the minority, aneuploid cells were present in bone marrow and lymphocytes from Gadd45a7/7 mice, but not from wild type mice. A significant percentage of cultured lymphoblasts lacking Gadd45a exhibited centrosome amplification (420%). Although Gadd45a has been implicated in a G2 cell cycle checkpoint Zhan et al., 1999) , there is little direct evidence to date that it is involved in other cell cycle checkpoints. p53 is a major transcriptional activator of Gadd45a (Kastan et al., 1992) and has been implicated in the maintenance of genomic stability and regulation of centrosome duplication (Fukasawa et al., 1996; Livingstone et al., 1992) . The phenotype of Gadd45a7/7 cells and mice will be compared with those of p53 7/7 cells and mice, and potential mechanisms for Gadd45a involvement in centrosome duplication and genome stability will be discussed based on its known functions and protein interactions.
Genomic instability in Gadd45a7/7 cells and the p53 connection
The first gene identified as having a role in genomic instability was p53, a transcription factor whose protein product is either mutated or lost in the majority of human tumors (Hollstein et al., 1991) . Cells lacking p53 were first shown to amplify segments of DNA that conferred resistance to drugs in which the cells were cultured (Livingstone et al., 1992) . Resistance to the aspartate analog N-(phosphonoacetyl)-L-aspartate (PALA) results from amplification of the carbamoyl synthase/aspartate transcarbamylase/dihydroorotase (Cad) gene, a process that does not occur in normal cells (Tlsty, 1990) . A connection between p53 and Gadd45a was established when Gadd45a was found to be the first stress gene that is transcriptionally activated by p53 (Kastan et al., 1992) . While its induction by ionizing radiation requires p53, Gadd45a is regulated by both p53-dependent and p53-independent mechanisms following other types of DNA damage such as alkylation and oxidative stress . Nutrient depletion (starvation) and certain other non-genotoxic stresses can also induce Gadd45a in both p53 wt and deficient cells, although the responses are often more robust in p53 wt cells (Fornace et al., 1989; Zhan et al., 1996) . This gene is primarily regulated at the mRNA level, although it is expressed at similar levels in untreated wt and p53 7/7 primary mouse cells or tissues (unpublished data). Similarly there is no correlation between p53 status and the level of Gadd45a expression among 60 untreated human tumor cell lines (Amundson et al., 2000) . Cells lacking Gadd45a exhibit genomic instability that is remarkably similar to that seen in p53 7/7 cells, Figure 1 Centrosome duplication in Gadd45a7/7 cells may be related to loss of a G2 checkpoint or G2/M progression control. Top, schematic representing our predication for consequences of loss of both G1/S and G2/M (Gadd45a) controls. Since Rb is the major G1/S control protein, deletion of both Rb and of a major G2/M control protein would be expected to lead to catastrophic alterations in cell cycle resulting in uncoupling of DNA replication, centrosome duplication and mitosis. Bottom left, Gadd45a7/7 mef exhibit centrosome amplification in the absence of any treatment. The cell to the left contains two nuclei (stained blue with Dapi) and multiple centrosomes seen as bright red spots on the upper panel. Bottom center, wt mef transfected with E7 which blocks Rb, and oncogenic Ras, exhibit small, uniform nuclei typical of rapidly growing diploid cells. Most of these cells contained one or two centrosomes although some are not in the plane of the photo. In contrast, Gadd45a7/7 mef transfected with E7 plus Ras exhibit abnormal giant cells with lobulated nuclei and tremendous amplification of centrosomes. The cell in the center has more than 20 brightly-staining centrosomes indicated by the arrow in the upper panel. Above the arrow, some cytoplasmic background is also apparent but does not show brightly staining spots typical of centrosomes. This giant cell has at least eight lobulated nuclei connected by thin bridging chromatin seen in the blue Dapi stain in the lower panel. The cells in the right side panels were photographed at the same magnification as those in the center panels illustrating the extraordinary size increase of Gadd45a7/7 cells/ nuclei after transfection with E7 plus Ras. As predicted, mitosis, DNA synthesis and centrosome duplication are not coordinated in these cells. Fixed cells were sequentially stained with mouse anti-g-tubulin, Cy3-conjugated donkey-anti-mouse IgG and Dapi. Untreated cells (1006), E7+Ras for both wt and Gadd45a7/7 (206) including aneuploidy and Cad gene amplification in response to PALA selection . Treatment of cells with PALA, in particular, likely induces Gadd45a in wild type cells since it causes a nutrient deficiency by depleting nucleotide pools. In p53 7/7 cells, therefore, Gadd45a levels may be decreased under certain growth conditions, or perhaps not increased to the extent required to elicit a protective effect; such a scenario would make Gadd45a an effector for p53 7/7 mediated genomic instability.
Mechanisms for centrosome amplification in Gadd45a7/7 cells
In most non-transformed cells, centrosomes duplicate only in S phase. The presence of additional centrosomes in Gadd45a7/7 cells suggests that in these cells, either centrosomes duplicate at an abnormally fast rate during S phase, or that centrosomes can duplicate in the absence of DNA synthesis. This second scenario implicates absence or abrogation of a non-S phase centrosome duplication control(s). A major signal allowing centrosome duplication in S phase is Cdk2-Cyclin E-mediated phosphorylation of centrosomal nucleophosmin and its subsequent dissociation from the centrosome (Okuda et al., 2000) . Elevated Cyclin E levels lead to amplification of centrosomes (Spruck et al., 1999) , perhaps through continuous phosphorylation of nucleophosmin. Although Gadd45a influences Cyclin B-dependent kinase activity (discussed below), it does not directly affect Cyclin E-dependent kinase activities in the same way . Once centrosomes have duplicated, there must be an additional signal that prevents them from reduplicating until the subsequent S phase. This may involve reassociation of nucleophosmin with the centrosome after phosphorylation by Cdc2-Cyclin B kinase in mitosis (Lu et al., 1996) . However, Cyclin B1 overexpression leads to tetraploidy (Yin et al., 2001) and Cyclin B2 overexpression leads to centrosome amplification (Gallant and Nigg, 1992) suggesting that the B Cyclins are involved in allowing centrosome duplication rather than preventing it. Cdc2-Cyclin B is physically associated with centrosomes, and activation in early mitosis is associated with centrosome separation (Blangy et al., 1995) , which may itself be a necessary event for subsequent centrosome duplication. Other regulatory proteins may be present to prevent centrosome reduplication in G2, while the centrosome is undergoing maturation. Gadd45a has been shown to associate with Cyclin B and to dissociate it from Cdc2, thereby inhibiting Cdc2-Cyclin B kinase activity . Functionally, the lack of a normal G2 checkpoint after UV-irradiation of Gadd45a7/7 cells may be due to Gadd45a's association with Cyclin B. In contrast, Gadd45a is not required for the ionizing radiation-induced G2 checkpoint; this is probably due to the presence of redundant control mechanisms after DNA-strand breaks (Zhan et al., 1999) .
Although Cdc2-Cyclin B kinase activity is inhibited by Gadd45a following certain cell treatments, basal activity does not differ between untreated wild type and Gadd45a7/7 cells . One caveat to this is the observation of chromosome decondensation in a significant number (5%) of untreated mitotic Gadd45a7/7 cells . This may be attributed to delayed completion of DNA synthesis with abnormal or premature progression into mitosis. Perhaps Gadd45a is induced in wild type cells when DNA synthesis is prolonged, with elevation in Gadd45a levels being needed to prevent premature mitosis. For a cell to remain diploid, DNA replication must be tightly coupled to both centrosome duplication and mitosis. During S phase, there should be a signal that DNA synthesis is in progress; an alternative but not mutually exclusive explanation would be that ongoing DNA synthesis causes the absence of a signal reporting that DNA synthesis is complete. The cell probably has a sensor for these signals, which then directs a course of action by effectors resulting in inhibition of mitosis. A G2 checkpoint, with inhibition of Cdc2-Cyclin B kinase is probably the key mechanism for preventing premature entry into mitosis. Consequently, in Gadd45a7/7 cells the system for carrying out the instructions from such a sensor may be compromised. If a G2/M checkpoint were compromised, a prominent G1/S checkpoint would be expected. In the absence of either checkpoint, serious perturbations in coordination of DNA synthesis, centrosome duplication and mitosis would be anticipated (Figure 1) . A role for Gadd45a in just such a G2/M control was established by eliminating G1/S control. In Gadd45a7/7 cells, expression of oncogenic Ras along with HPV E7, which blocks Rb protein activity and consequently G1/S control, resulted in large aneuploid cells, often with massive centrosome amplification (Figure 1) . In contrast, both wt and p21 7/7 mef transfected with E7 plus Ras exhibited small, uniform nuclei characteristic of diploid cells. Deletion of Gadd45a presumably resulted in loss of a critical cell cycle control that coordinates centrosome duplication and cell division in the absence of Rb-mediated G1 controls.
In yeast, Pds1p ensures that DNA replication is complete before mitosis begins (Clarke et al., 1999 (Clarke et al., , 2001 ). This protein is present during late replication, delayed replication and during an S phase checkpoint; degradation of Pds1p by ubiquitin-dependent proteolysis is necessary for entry into mitosis (Baumer et al., 2000) . Therefore, Pds1p acts as the signal for both ongoing DNA replication and, by its absence, as the signal for completion of DNA replication. While there is no identified mammalian homologue of Pds1p, it is striking that both Pds1p and Gadd45a are small, very acidic proteins, which are subject to ubiquitin-mediated proteolysis (Leung et al., 2001; Zhan et al., 1994) . In addition, both are regulated by DNA damage via Atm homologues (discussed below) (Cohen-Fix and Koshland, 1997; Mallory and Petes, 2000; Papathanasiou et al., 1991) . Increased expression of either leads to cell cycle arrest and deletion of either leads to uncoupling of S phase and mitotic events (Fornace et al., 1989; Hollander et al., 1999; Yamamoto et al., 1996) . Whether Gadd45a may act as this type of signal in mammalian cells is yet to be determined. Other possibilities are that Gadd45a acts as a sensor for these signals or is involved in effector function (Cdc2-Cyclin B kinase inhibition) as discussed previously.
Regulation of Gadd45a by proteins that regulate centrosome duplication and genome stability (Brca1, Atm, c-Myc)
In addition to p53, Gadd45a is regulated by several other key tumor suppressors and oncogenes that are also implicated in controlling genomic stability ( Figure  2 ). Gadd45a may therefore be a common signal regulating genomic stability for some if not all of these transcription factors. Brca1 mutations are found in breast tumors of women with familial breast cancer (Bertwistle and Ashworth, 1999) ; these tumors show a greater degree of genomic instability than breast tumors without Brca1 mutations. Forced expression of Brca1 leads to induction of Gadd45a RNA and of Gadd45a promoter reporter constructs (Jin et al., 2000) . In addition, absence of Brca1 in cultured cells prevents p53-mediated induction of Gadd45a (Harkin et al., 1999) . Deletion of Brca1 in the mouse germline is embryonic lethal, and cells from embryos lacking wild type Brca1 exhibit genomic instability, including aneuploidy and chromosome structural abnormalities (Shen et al., 1998; Xu et al., 1999) , similar to those seen in Gadd45a7/7 cells. Brca1 binds and activates p53 which then transcriptionally downregulates Brca1. The net effect of these two proteins on Gadd45a expression likely varies with environment and perhaps by cell type.
Mutation in the Atm gene is responsible for ataxia telangiectasia, an inherited cancer-prone and radiationsensitive disorder (Shiloh, 2001) . Tumors of Atm patients show chromosome breaks and translocations (Stumm et al., 2001) . Likewise in mice, deletion of Atm leads to ionizing radiation sensitivity and chromosome instability (Elson et al., 1996) . Although Atm has not been shown to directly affect basal Gadd45a transcript levels, ionizing radiation-induction is altered in cells from Atm patients (Papathanasiou et al., 1991) . Atm can activate both Brca1 and p53 and therefore likely effects Gadd45a transcription indirectly (reviewed in Khanna and Jackson, 2001) .
Both Brca1 and Atm are involved in repair of DNA double strand breaks (dsb) which may explain chromosome abnormalities in mutant mice (Elson et al., 1996; Liu and West, 2002) . While Gadd45a plays a role in nucleotide excision repair, there is no report of its involvement in other types of DNA repair. However, strand breaks and recombination products were observed in metaphase spreads of Gadd45a7/7 mefs suggesting that recombination/dsb repair may be compromised in these cells . It is intriguing that both Brca1 and Atm may be involved both directly and indirectly, through induction of Gadd45a, in DNA repair.
In contrast to the above described proteins which activate Gadd45a transcription, forced expression of cMyc leads to down-regulation of Gadd45a, and deletion of c-Myc in somatic cells identified Gadd45a as a bona fide transcriptional target of c-Myc (Amundson et al., 1998; Bush et al., 1998; Marhin et al., 1997) . Myc over-expression is common in human tumors; e.g., c-Myc is translocated and consequently overexpressed in human Burkitt's lymphoma (Taub et al., 1982) . Overexpression of c-Myc leads to genomic instability in cultured cells (Mai et al., 1996) and uncouples DNA replication from mitosis (Li and Dang, 1999) . c-Myc-mediated transformation is tightly linked to transcriptional repression implicating reduced Gadd45a levels as a probable pertinent downstream event (Law and Linial, 2001) . c-Myc is also involved in the cellular response to DNA damage including cell cycle checkpoints and apoptosis (Oster et al., 2002) . However, these properties of c-Myc may be related to its activation of p53, which might then trigger cell cycle checkpoints and/or apoptosis. In the case of c-Myc, increased expression of this protein is known to suppress Gadd45a transcription (Amundson et al., 1998) but also triggers p53 as a safeguard mechanism eliciting cell cycle checkpoints and/or apoptosis in primary cells (Boxer and Dang, 2001 ); in addition p53 has been reported to inhibit cMyc expression (Moberg et al., 1992) . Atm directly phosphorylates both p53 and Brca1 (Banin et al., 1998; Cortez et al., 1999) ; Brca1 can also increase p53 activity (Somasundaram et al., 1999) , which is involved in a feedback loop and transcriptionally represses Brca1 (MacLachlan et al., 2000) . Due to the network of influences between these proteins, the net effect of any particular one on Gadd45a expression may depend greatly on cellular context
Ras alone is sufficient for Gadd45a7/7 cells . All of the above described genes are involved in various aspects of the DNA damage response including double strand break repair, nucleotide excision repair, cell cycle checkpoints and apoptosis (Deng and Brodie, 2000; Oster et al., 2002) . To further complicate the picture, there are both direct and indirect interactions between these proteins as shown in Figure 2 (Deng and Brodie, 2000; Oster et al., 2002) . How these interactions and the presence of multiple simultaneous Gadd45a regulators affect Gadd45a expression is for the most part unknown. Similarities in phenotype between models with deletions or mutations in these genes and Gadd45a deletion are primarily correlative at this time. However, it is provocative that Gadd45a is a target, either directly or indirectly, for multiple proteins involved in maintenance of genome stability.
Tumorigenesis and Gadd45a regulation
Surprisingly, unlike p53 7/7 mice, Myc-overexpressing mice, or mice with Atm or Brca1 mutations, Gadd45a7/7 mice are not prone to spontaneous tumor formation (Barlow et al., 1996; Connor et al., 1997; Deng, 2002; Donehower et al., 1992; Hollander et al., 1999; Leder et al., 1986) . p53, Brca1 and c-Myc all act as transcriptional regulators, and Gadd45a is only one of many effector genes for each. In addition, some of these proteins have documented functions in addition to transcriptional regulation (discussed above). However, for p53 and c-Myc, Gadd45a is the only known effector that is involved in control of centrosome duplication and maintenance of genomic stability. As for Brca1, this protein has been shown to bind centrosomes and may therefore have both direct and indirect effects on centrosome dynamics (Hsu and White, 1998) . The absence of spontaneous tumors in Gadd45a7/7 mice is surprising given that cells from these mice show loss of normal in vitro senescence, single oncogene transformation, centrosome amplification and multiple growth control abnormalities. However, several recent reports confirm that genomic instability in cells does not necessarily lead to rapid tumor formation in animals. For example, Brca17/7 cells exhibit genomic instability, yet mice with a conditional Brca1 deletion in mammary tissue develop mammary tumors only after a long latency (Deng, 2001) . Cells from histone H2AX 7/7 mice exhibit genomic instability yet these mice fail to develop tumors in the absence of exogenous treatment (Celeste et al., 2002) . Since Gadd45a levels are normally very low but increase in response to various stresses, including DNA damage and growth arrest, Gadd45a may be more important in tumor prevention after stress. In support of this, Gadd45a7/7 mice develop more tumors with decreased latency after treatment with either ionizing radiation or dimethylbenzanthracene (DMBA) (Hollander et al., , 2001 . Interestingly, an increased frequency of radiationinduced tumors was seen in Gadd45a+/7 mice indicating haploinsufficiency Hollander et al., 2001) ; this suggests that Gadd45a levels must be tightly controlled for normal function, and that even a modest decrease in expression can be detrimental. Since Gadd45a is involved in DNA repair, DNA damage that remains unrepaired in Gadd45a7/7 cells could provide the 'second hit' needed for tumor formation. As discussed above, Gadd45a7/7 cells can be transformed by a single oncogene, activated Ras, suggesting that only one additional event may be required. Therefore, in the presence of additional mutations, centrosome amplification and resultant aneuploidy in cells lacking Gadd45a may contribute to tumorigenesis.
